Elevated levels of maternal androgens in avian eggs affect numerous traits, including oxidative stress. However, current studies disagree as to whether prenatal androgen exposure enhances or ameliorates oxidative stress. Here, we tested how prenatal testosterone exposure affects oxidative stress in female domestic chickens (Gallus gallus) during the known oxidative challenge of an acute stressor. Prior to incubation, eggs were either injected with an oil vehicle or 5 ng testosterone. At either 17 or 18 days post-hatch, several oxidative stress markers were assessed from blood taken before and after a 20 min acute stressor, as well as following a 25 min recovery from the stressor. We found that, regardless of yolk treatment, during both stress and recovery all individuals were in a state of oxidative stress, with elevated levels of oxidative damage markers accompanied by a reduced total antioxidant capacity. In addition, testosterone-exposed individuals exhibited poorer DNA damage repair efficiencies in comparison with control individuals. Our work suggests that while yolk androgens do not alter oxidative stress directly, they may impair mechanisms of oxidative damage repair.
Introduction
Hormone-mediated maternal effects have an important influence on offspring phenotype. In birds, prenatal exposure to androgens can alter multiple aspects of physiology and behaviour [1, 2] , including vulnerability to oxidative stress [3, 4] . Oxidative stress is a physiological state in which free radical production exceeds antioxidant and cellular repair defences, resulting in oxidative damage to macromolecules [5] . Experimental elevation of testosterone levels in adult male zebra finches (Taeniopygia guttata) increases oxidative damage and inhibits antioxidant activity during a free radical attack [6] . However, the effects of prenatal testosterone on baseline levels of oxidative stress in females are not consistent across studies, with decreasing lipid peroxidation and increasing total antioxidant capacity (TAC) in one study [3] , and no differences in TAC in another [4] .
Because oxidative damage negatively impacts reproduction [7, 8] and survival [7, 9, 10] , an individual's resistance to oxidative stress has fitness implications. One context in which the relationship between oxidative stress and fitness might be especially influential is in stressful early-life environments. Recently, we showed that the rising glucocorticoid levels in response to an acute stressor are accompanied by a shift into a state of oxidative stress, with an increase in plasma oxidative damage markers and a decrease in plasma antioxidants. We refer to this effect as glucocorticoid-induced oxidative stress (GiOS) [11] .
Given that effects of prenatal testosterone on oxidative stress remain unclear, we explored for the first time the hypothesis that prenatal testosterone exposure alters vulnerability to GiOS and DNA damage repair efficiency in juvenile female chickens (Gallus gallus).
Material and methods (a) Egg injections and housing
One hundred and seventy-two fresh, unincubated Bovan White eggs, laid by different hens (Centurion Poultry Inc., Milton, PA, USA), were injected with either 50 ml of a sesame oil vehicle (control) or 5 ng of testosterone suspended in 50 ml of oil (testosterone) directly into the yolk (for details, see the electronic supplemental material). This dose of testosterone elevates yolk androgen levels within a physiological range for eggs from this supplier (12.5 + 4.2 ng egg
21
). Injected eggs were incubated as previously described [11] . At one day post-hatch, 20 females (n ¼ 10 per treatment), sexed morphologically (details in the electronic supplementary materials), were retained for use in this study. Chicks were housed in a Brower brooder with ad libitum food (Start & Grow Sunfresh Recipe, Purina Mills, MO, USA) and water, and weighed daily [11] .
(b) Acute stress and recovery
On either post-hatch day 17 or 18, chicks underwent an acute stress using a standard bag restraint protocol (treatments were evenly distributed across sampling days). A total of 140 ml of blood was taken from the alar vein within 3 min of entering the housing room (baseline). After the baseline sample, birds were placed in a breathable cloth bag for 20 min, and then bled again (stress sample). Birds were returned to their brooder and a third sample was taken 25 min later (recovery sample). Samples were centrifuged at 3000 r.p.m. for 5 min. Plasma was removed and stored in aliquots at 2808C until plasma oxidative stress analyses were conducted. Erythrocytes were immediately analysed via single-cell gel electrophoresis (SCGE).
(c) Oxidative stress measures
We assessed reactive oxygen metabolites (ROMs) and total plasma antioxidant capacity (TAC), using the d-ROMs and OXY-adsorbent tests (Diacron International, Grosseto, Italy), respectively, in all blood samples, as described previously ( [11] ; see the electronic supplementary materials, for more details). All analyses were run in duplicate and the intra-and inter-assay coefficients of variation were 4.01 and 4.33% for ROMs, and 3.85 and 4.45% for TAC. We used the SCGE assay [10] with modifications (see the electronic supplementary materials) to measure three distinct aspects of DNA damage and repair: in vivo DNA damage levels, vulnerability of DNA to a H 2 O 2 challenge and DNA repair efficiency. These three measurements were taken for all blood samples, by making three slides per sample (untreated, challenge and repair). In SCGE, DNA damage levels are quantified as the average per cent DNA found in the electrophoresis-generated tail (damaged DNA migrates into tails [10] ). In vivo DNA damage levels were quantified on 50 cells of an untreated slide. Vulnerability of DNA to the H 2 O 2 challenge was estimated for each individual as the difference in damage on the challenge slide (exposed to 200 mM H 2 O 2 for 5 min prior to SCGE) and the untreated slide. Repair efficiency was estimated for each individual as the difference in damage on the repair slide (exposed to 200 mM H 2 O 2 for 5 min followed by incubation at 378C and 5% CO 2 in RPMI complete media for 1 h) and the untreated slide. This difference was then divided by the vulnerability measure, yielding the per cent of damage acquired during the H 2 O 2 challenge that had been repaired within 1 h.
Statistics. Statistical analyses were run using JMP software (v. 
and 17 were estimated as previously described [11] . For oxidative stress analyses, ROMs, TAC and the three measures of DNA damage were each modelled over the acute stress (three time points). Oxidative stress models included the fixed effects of time, treatment and all interactions (time Â treatment, time Â individual, treatment Â individual, time Â treatment Â individual). Non-significant interactions were sequentially removed from the models, starting from the higher order interactions, and the analyses were repeated until we obtained a model with only significant terms. Post hoc comparisons were carried out using Tukey HSD tests.
Results
There was no effect of treatment on growth, ROMs or TAC (table 1) . However, regardless of treatment, there was a significant change in ROMs (table 1 and figure 1a) and TAC (table 1 and figure 1b) over the acute stress and recovery period. Specifically, ROMs increased during the stress period and then decreased but did not return to baseline during the recovery period (figure 1a; Tukey HSD, p , 0.05). TAC decreased over the stress period and remained at a decreased level during the recovery period (figure 1b; Tukey HSD, p , 0.05).
In vivo levels of DNA damage did not differ by treatment, but did change over the acute stress and recovery period (table 1 and figure 1c), increasing over the acute stress period and then remaining stable during the recovery period (figure 1c; Tukey HSD, p , 0.05). The H 2 O 2 challenge effectively increased DNA damage above in vivo levels in all samples, but did not differ by treatment or time period (table 1) . However, birds exposed to prenatal testosterone had impaired DNA repair efficiency at all time points in comparison with the control birds (table 1 and figure 1d).
Discussion
Based on our results, prenatal testosterone exposure has a potentially costly impact on juvenile female chickens' ability to repair DNA oxidative damage. In accordance with prior work in our laboratory [11] , during an acute stress response, birds experienced GiOS with increased levels of plasma oxidative damage and decreased antioxidant capacity. Importantly, however, individuals exposed to elevated prenatal testosterone had reduced DNA repair efficiency in comparison with controls. Thus, in response to oxidative challenges, offspring prenatally exposed to high levels of testosterone potentially accumulate DNA damage at a faster rate. Consistent with previous research, this effect of yolk testosterone on female oxidative status was not apparent in baseline samples [4] , but was revealed by the imposition of an oxidative challenge.
While few studies have investigated the mechanisms underlying effects of maternal testosterone on offspring phenotype, proposed mechanisms include alterations in hormone secretion, androgen sensitivity of the offspring or, more generally, gene expression [2] . The effect of prenatal testosterone exposure on DNA repair may be caused by inhibition of DNA repair enzyme gene expression. DNA repair pathways are established in ovo [12] , concurrent with embryonic exposure to yolk steroids [13] . In human cells, androgens inhibit expression of genes coding for enzymes involved in one of the major oxidative DNA damage repair pathways-long rsbl.royalsocietypublishing.org Biol Lett 9: 20130684 patch nucleotide excision repair [14] [15] [16] . Based on our findings, future work investigating the effects of testosterone on the expression and activity of DNA repair enzymes is warranted.
The costs of the decreased repair efficiency associated with exposure to elevated yolk testosterone are not yet clear. Despite consistent differences in repair capabilities, we saw no treatment-driven differences in oxidative damage accumulation before or after a GiOS challenge. This may be caused by the gradual rate of repair activity [17] and related to the fact that, even following the recovery period, all individuals were still experiencing GiOS. Alternatively, costs of this difference in repair capacity might only be incurred following multiple oxidative stress challenges that could increase long-term oxidative damage accumulation in cells. In terms of fitness, excessive oxidative damage has been linked to reduced survival [7, 9, 10] and reproductive success [7, 8] . Accordingly, we propose that poor repair efficiency as a consequence of increased prenatal androgen exposure may be particularly costly to fitness in stressful early life environments. However, in assessing effects of yolk androgens on fitness, it is important to consider two things: (i) the apparent costs of androgens on oxidative damage repair shown here will be moderated by other benefits and (ii) some of the fitness consequences of prenatal androgens are likely to be context-dependent, and may not manifest until animals face challenges. 
